To provide an update on paraneoplastic neurologic syndromes (PNS), the involved tumors, and types of immune responses.
INTRODUCTION
Paraneoplastic neurologic syndromes (PNS) are a diverse group of disorders that can affect any part of the nervous system. PNS occur with any type of malignancy, although the more commonly associated tumors are small-cell lung cancer (SCLC), ovarian cancer, breast cancer, neuroendocrine tumors, thymoma, and lymphoma. PNS more commonly develop prior to the cancer diagnosis and this can lead to confusion when formulating the differential diagnosis. It is, however, important to recognize PNS because early intervention offers the best chance for symptom stabilization or improvement with the potential for improvement depending on the type of PNS [1, 2] .
It is generally accepted that many PNS are immune-mediated and in some cases triggered when systemic tumors express proteins that are normally restricted to immune-privileged neurons. The immune responses often manifest as antineuronal antibodies that can be measured in serum and cerebrospinal fluid (CSF) [3] . The antibodies serve as markers of the paraneoplastic origin of the neurologic syndromes and, in some cases, of the presence of specific types of tumors. In other cases, the trigger has not been identified, although genetic predisposition to autoimmunity and/or an antecedent viral infection may play a role [4 & ]. It has recently been suggested that immunologic checkpoint inhibitors used in cancer treatment and that result in systemic autoimmunity could also trigger PNS, although data remain scant in this emerging field [5 & ]. The present review focuses on recent findings related to several PNS that are frequently associated with antineuronal antibodies. Many of these disorders have been well described, and for some, there are limited novel data. However, it is the authors' experience that diagnostic delays and missed diagnoses still occur. This is likely due to the infrequency of these disorders. However, if consideration of PNS is given in the appropriate clinical context, early intervention may lead to a better outcome, and thus a review of the more commonly encountered antibody-associated PNS is warranted. The field of PNS that is providing an increasing number of novel observations relates to those disorders, grouped under the term autoimmune encephalitis, in which the antineuronal antibodies target cell surface or synaptic proteins. These recent findings are reviewed below.
IMMUNE MECHANISMS
The characterization of the target antigens of the antineuronal antibodies associated with PNS resulted in the development and widespread availability of diagnostic tests. This has led to an increased and unfortunate dependence on the results of antibody testing in the clinic. Only 60% of PNS of the central nervous system (CNS) and less than 20% of those affecting the peripheral nervous system are associated with antineuronal (or antineuromuscular) antibodies [6] . Antibodies can rarely be found at low titers in some patients with cancer without PNS, and for some antibodies, testing method and whether serum or CSF was used increase the risk of falsenegative or positive results [7,8 && ,9 && ]. Additionally, for those PNS that affect the CNS and dorsal root ganglia, antibody titers are higher in the CSF than in the serum, and in some cases, serum may be negative; thus, the study of serum may be misleading. It is therefore important that the diagnosis of PNS be based on clinical criteria with antibody test results used as confirmatory but not exclusionary evidence of paraneoplasia. Criteria to classify syndromes of patients as possible or definite PNS have been proposed by the Paraneoplastic Neurological Syndrome Euronetwork and can assist [10] .
The antineuronal antibodies associated with PNS fall into two broad categories. There are antibodies that when detected almost always indicate that the disorder is paraneoplastic [11] (Table 1) . Antibodies in this group target intracellular neuronal antigens that are also expressed by the cancer. These antibodies, called onconeuronal antibodies, are not directly pathogenic. Rather, the neuronal dysfunction is mediated by cytotoxic T cells and often results in irreversible neuronal damage and death, explaining the poor response to treatment of these patients [12,13 & ]. The other group of antibodies target proteins or receptors that reside on the neuronal cell surface or in the synapse ( Table 1 ). These antibodies mediate neuronal dysfunction by direct interaction with the target antigens [14 & ,15 && ]. When the antibodies target proteins in the CNS, the associated syndromes are known as autoimmune encephalitis [16 && ]. The common clinical features of these syndromes are that the same syndrome and antibodies are found in patients with or without a cancer, and patients often fully recover or have marked improvement with therapy aimed at removing the antibodies and tumor, if present; neurologic relapses occur at a variable rate based on the syndrome.
PARANEOPLASTIC CEREBELLAR DEGENERATION
Paraneoplastic cerebellar degeneration (PCD) is characterized by subacute onset of truncal and limb ataxia, dysarthria, and nystagmus. The ataxia may be asymmetrical at initial presentation in around 40% of patients, but almost invariably becomes symmetric during the disease course [17] . The syndrome progresses to pancerebellar dysfunction usually within weeks, but at times, may be more rapid. Early in the course, the CSF may show signs of the inflammatory process with elevated white cell count, increased proteins, and intrathecal synthesis of IgG while neuroimaging is usually normal. There are a few reports of early MRI changes that may reflect brain inflammation, but these findings often resolve. Late neuroimaging studies after months to years usually show diffuse cerebellar atrophy.
Paraneoplastic cerebellar degeneration is associated with onconeuronal antibodies in about 60% of cases, and with the exception of antibodies to the voltage-gated calcium channels (VGCCs), only rarely with neuronal cell surface antibodies. There is a strong association between specific antibodies, cancer type, and neurologic syndrome ( Table 1) . Patients with ovarian or breast cancer and Yo antibodies, or with Hodgkin's lymphoma and Tr/DNER antibodies usually have a relatively isolated
KEY POINTS
Limbic encephalitis is a specific syndrome that may occur in association with onconeuronal or antineuronal cell surface antibodies with widely different outcomes based on the specific immune response.
It is important to test CSF in the initial evaluation of a patient suspected of having a PNS. The presence of one of these antibodies almost always indicates that the disorder is paraneoplastic. Only antibodies for which the target autoantigen and syndrome specificities have been confirmed by several investigators are listed. Antibodies that have been identified in isolated cases or small series and/or confirmation of the target antigen and syndrome specificity is pending are not listed. c Neuronal cell surface antibodies: These antibodies are markers of the neurologic syndrome but do not distinguish between cases that are paraneoplastic or not.
Other neuronal cell surface antibodies that associate with specific syndromes, but have not been found to occur in association with cancer, are not listed.
cerebellar syndrome [18,19 & ]. Patients with PCD, SCLC, and Hu antibodies often have additional symptoms of a more diffuse encephalomyelitis [20] . When PCD occurs in patients with ovarian or breast cancer or SCLC with Ri antibodies, it may be accompanied by opsoclonus or other eye movement disorders; some of these patients may also develop laryngeal spasms [21] .
Some patients with PCD and SCLC may develop Lambert-Eaton myasthenic syndrome and these patients often have VGCC antibodies [22, 23] . However, VGCC antibodies are also found in cerebellar degeneration without a cancer association [24] . To differentiate these cases from PCD with an occult SCLC, the presence of anti-sex determining region Y-box-1 antibodies has been suggested as a useful predictor with a specificity for SCLC of 100% and sensitivity of 49% [25] .
The repertoire of onconeuronal antibodies associated with PCD has expanded with the identification of two patients with PCD and melanoma or ovarian cancer and antibodies to the Purkinje cell protein, carbonic anhydrase-related protein VIII (CARP) [26, 27] . In both patients, the PCD onset coincided with tumor recurrence. Antibodies to protein kinase Cg (PKCg) have been described in two patients with PCD. One had non-SCLC and the other hepatobiliary adenocarcinoma [28, 29] . The identification of the antibodies led to the cancer screening in one of the patients.
Antibody testing is, however, negative in almost 40% patients with PCD, and in these patients the differential diagnoses may initially be wide. The acute to subacute onset is inconsistent with a chronic degenerative disease, whereas cerebellar metastases can easily be ruled out. Leptomeningeal disease could be considered and may be more difficult to refute, but CSF and MRI findings and focal involvement of other areas of the neuraxis should clarify the diagnosis. Vitamin deficiency and medication toxicity (e.g. phenytoin, arabinoside-C) should also be considered if appropriate. A recent study investigated whether clinical characteristics of seropositive PCD patients differed from those without detectable antibodies as this could provide clues to the correct diagnosis. Thirty-nine seronegative PCD patients showed similar clinical features as 180 seropositive PCD patients, but the spectrum of associated tumors was different [30 & ]. Seronegative women showed a higher prevalence of lymphoma and less frequently gynecological cancer, whereas seronegative men had more non-SCLC and genitourinary cancers compared to their seropositive counterparts.
In general, PCD does not respond to treatment (including tumor-directed therapy and immuno-therapy). This likely reflects the early and irreversible T-cell-mediated destruction of the cerebellar Purkinje cells. Most patients become wheelchair-bound, although it has been reported that patients with PCD and anti-Hu or anti-Tr antibodies have less disability compared to those with PCD and anti-Yo antibodies [6] . A recent retrospective study of a small series of PCD patients found that some had meaningful functional improvement after intensive inpatient rehabilitation [31 & ].
LIMBIC ENCEPHALITIS
Limbic encephalitis is a well defined disorder characterized by subacute onset of short-term memory loss, seizures, irritability, depression, and cognitive decline [32] . Recently, there is a tendency for patients with any type of immune-mediated encephalopathy to be diagnosed with limbic encephalitis. This must be avoided as it delays appropriate evaluations and treatment.
Limbic encephalitis can occur in association with onconeuronal antibodies and also cell surface antibodies ( Table 1) . The clinical features, cancer association, and outcome depend on the specific immune association. When patients have anti-Hu antibodies usually with SCLC, the limbic encephalitis is rarely an isolated syndrome, but commonly a fragment of a diffuse and multifocal encephalomyelitis [33] . Similarly limbic encephalitis associated with CV2/CRMP5 antibodies often have additional sensorimotor neuropathy, cerebellar ataxia, chorea, uveitis, and optic neuritis [34] . Anti-Ma2 antibodies are most commonly found in young men who develop limbic encephalitis and hypothalamic and brainstem dysfunction in association with a germ cell tumor of the testis [35] . These onconeuronal antibody-associated limbic encephalitis syndromes are mediated by cytotoxic T cells and thus are poorly responsive to treatment. The exception is the limbic encephalitis with anti-Ma2 antibodies for which about 30% of these patients improve with tumor-directed treatments and immunotherapy [36] .
In contrast are the limbic encephalitis syndromes that occur with cell surface antibodies. In addition to the clinical symptoms of limbic encephalitis, each of these disorders has characteristic features ( Table 1) . For example, alpha-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) limbic encephalitis has prominent psychosis and 64% of cases are paraneoplastic [37,38,39 & ]. Leucine-rich glioma inactivated-1 (LGI1) limbic encephalitis is often associated with hyponatremia, but is paraneoplastic in less than 10% of cases [40] . In contrast, gamma-aminobutyric acid-B [GABA(B)] limbic encephalitis is often accompanied by early and severe seizures and half of the cases are paraneoplastic [41, 42] . When encephalitis occurs in combination with peripheral nerve hyperexcitability (Morvans syndrome), patients may have antibodies to contactin-associated protein 2 (Caspr2) -a cell surface protein expressed on myelinated axons in both the central and peripheral nervous system; 40% of these patients have thymoma [43, 44] .
It is important that these syndromes and immune associations are promptly recognized as outcomes of these patients are dramatically different than patients with limbic encephalitis and onconeuronal antibodies. For example, patients with limbic encephalitis, SCLC, and Hu antibodies rarely show any improvement, whereas over half of the patients with limbic encephalitis, SCLC, and GABA(B) antibodies have full or partial recovery with therapy [41, 42] . Recently, a subgroup of cancer patients was described, who had limbic encephalitis and both onconeuronal antibodies and cell surface antibodies [39 & ,41] . Clinical presentation and outcomes were similar to those associated with the onconeuronal antibody and worse than cancer patients with cell surface antibodies alone.
PARANEOPLASTIC SENSORY NEURONOPATHY
Paraneoplastic sensory neuronopathy (PSN) is characterized by subacute onset and rapidly progressive disease course with paresthesias and early pain. Sensory loss is mostly asymmetrical or multifocal, and the upper limbs are frequently involved [33] . The cranial nerves may also be affected, leading to numbness of the face, sensorineural hypoacusia, or loss of taste. In the majority of the patients, neuronopathy precedes the cancer diagnosis. The most common underlying neoplasia is SCLC, although PSN may occur with different tumors including adenocarcinomas, lymphoma, and thymoma. Onconeuronal antibodies are present in 80% of patients with PSN; the most frequent are anti-Hu and anti-CV2/CRMP5 antibodies.
Paraneoplastic sensory neuronopathy associated with anti-Hu antibodies more commonly presents with additional CNS involvement (encephalomyelitis), but remains an isolated syndrome in about 25% of cases [20, 33] . When PSN is associated with anti-CV2/CRMP5 antibodies, it frequently overlaps with cerebellar ataxia, limbic encephalitis, or optic neuropathy. Anti-CV2/CRMP5-associated PSN differs from that associated with anti-Hu antibodies as it more often presents as a mixed axonal and demyelinating neuropathy, may have motor involvement, predominates in the lower limbs, and pain is less frequent [34] .
In patients with sensory neuronopathy without anti-Hu or CV2/CRMP5 antibodies, improvement following tumor treatment is a major criterion for accepting a diagnosis of PNS; otherwise the link to the tumor should be considered as uncertain. The primary tumor may remain occult for a long time and the search for a malignancy should focus on the detection of a tumor, in particular, SCLC. The general recommendation for any patient suspected of having a PNS in whom no cancer is found is to repeat screening in 3-6 months after onset of the neurologic syndrome and then every 6 months for 4 years [45] .
ANTI-N-METHYL-D-ASPARTATE RECEPTOR ENCEPHALITIS
Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is the most common of the encephalitis associated with antibodies to cell surface antigens. Patients with anti-NMDAR encephalitis develop complex neuropsychiatric symptoms such as deficits of memory, cognition, psychosis, seizures, abnormal movements, or coma [46] . The disorder predominantly occurs in young women and children, although men and older patients may be affected. The syndrome should be recognizable in the majority of patients and commonly starts with behavioral changes, memory deficits, and psychosis [47] . Symptoms progress to include dyskinesias of the face and limbs, autonomic dysfunction, and catatonia. Patients may require intensive care support due to hypoventilation and coma. Seizures can occur in any stage of the disease. Children show a greater tendency to initially present with abnormal movements, seizures, and alteration of behavior and speech compared to adults [48] . The CSF often shows elevated white blood cell count, increased proteins, and intrathecal synthesis of IgG. The electroencephalogram is abnormal in more than 90% of patients in the acute phase of the disease, with one-third demonstrating extreme delta brush -an electrographic pattern that is considered characteristic for NMDAR-encephalitis [49] . MRI findings, if present, are usually nonspecific, but may show cortical or subcortical T2/fluid-attenuated inversion recovery abnormalities. Tumors (largely ovarian teratoma) are mainly found in female patients between the ages of 12 and 45 years, and are rare in females younger than 12 years and adult males [47] . Although teratomas are rare in older patients (>45years), 23% of patients in this age group have cancer.
The diagnosis of NMDAR-encephalitis can be confirmed by the identification of IgG antibodies that target a specific epitope on the GluN1 subunit of the receptor [46] . The pathogenic role of these antibodies was recently demonstrated in an animal model [15 && ]. These antibodies are specific for NMDAR-encephalitis and should not be confused with antibodies that target other subunits of the NMDAR or are of the IgA or IgM subtype.
Treatment is aimed at identifying and, if present, removing the tumor concurrent with immunotherapy. This usually leads to full recovery and is associated with a lower frequency of relapses [47] . Half of the patients respond to steroids, intravenous immunoglobulins, and/or plasmapheresis, whereas others will require rituximab and/or cyclophosphamide. Since early and aggressive treatment is associated with fewer relapses and better outcome, some physicians are considering rituximab as an initial therapy. A similar treatment approach is recommended for other encephalitis associated with antibodies to the cell surface, although there are no large series to confirm efficacy.
CONCLUSION
The PNS are a diverse group of disorders with a broad spectrum of clinical presentations and immunological associations. Although not all PNS are associated with identifiable immune responses, the presence of onconeuronal antibodies confirms the paraneoplastic cause of the neurologic syndrome and can direct the tumor search. The syndromes associated with these antibodies are usually poorly responsive to treatments, with early treatment offering the best chance for symptom stabilization or mild improvement. In contrast, antibodies to the neuronal cell surface associate with the neurologic syndrome, but do not distinguish between cases that are cancerassociated or not. The syndromes associated with these antibodies can be highly responsive to treatment resulting in substantial improvement or full recovery.
